In our preliminary study on the isolation of antimalarial agents from natural sources, we observed that the CH 2 Cl 2 extract of seed kernels of C. crista collected from Indonesia and Myanmar exhibited significant inhibition of the growth of the malaria parasite P. falciparum FCR-3/A2 clone in vitro with IC 50 values of 0.095 and 0.21 mg/ml, respectively. Furthermore, the same CH 2 Cl 2 extract of seed kernels of Indonesian C. crista also displayed significant in vivo antimalarial activity against the growth of P. berghi in mice. 7) Thus, we carried out the detailed phytochemical investigation of this plant and isolated 40 new cassane-and norcassane-type diterpenes together with 18 known diterpenes. [7] [8] [9] [10] [11] In this paper, we report a biological profile on the antimalarial activity of the isolated diterpenes and their structure-activity relationships.
MATERIALS AND METHODS
Diterpenes Cassane-and norcassane-type diterpenes (Chart 1) used in this study were isolated from the CH 2 Cl 2 extract of C. crista collected from Myanmar [10] [11] [12] and Indonesia. [7] [8] [9] The purity of each diterpene was checked by TLC and 1 H-NMR spectrum, which did not show the presence of any impurity. Caesalpinins MA (1), ME-MJ (2-7), ML (8) , and MO (9) and norcaesalpinins MC (10) and MD (11) were new compounds isolated from C. crista of Myanmar. Caesalpinins C-F (12-15), H-K (16-19), and M-P (20-23) and norcaesalpinins A-F (24-29) were new compounds isolated from C. crista of Indonesia. On the other hand, caesalmins B (30), C (31), E (32), and G (33); caesaldekarin e (34); 2-acetoxycaesaldekarin e (35); 2-acetoxy-3-deacetoxycaesaldekarin e (36); 6-acetoxy-3-deacetoxycaesaldekarin e (37); 14(17)-dehydrocaesalmin F (38); bonducellpins B (39) and C (40); 7-acetoxybonducellpin C (41); 1-deacetoxy-1-oxocaesalmin C (42); z-caesalpin (43); and 1-deacetylcaesalmin C (44) were known compounds.
Materials The malaria parasite P. falciparum FCR-3/A2 clone was a gift from Dr. M. Suzuki, Gunma University, Japan. RPMI-1640 medium, hypoxanthine, gentamycine, chloroquine, and Giemsa stain were purchased from Sigma Chemicals (St. Louis, MO viously published procedure. 13) Briefly, the malaria parasite cultures (erythrocytic stage) were propagated in tissue culture flask containing RPMI-1640 medium supplemented with gentamycin 25 mg/ml, hypoxanthine 50 mg/ml, 25 mM HEPES buffer, 25 mM sodium bicarbonate, 10% ABϩ human serum, 5% hematocrit, and human erythrocytes and incubated at 37°C under 5% CO 2 . In erythrocyte (red blood cells), the parasites will undergo schizogonic developmental stage from the merozoite stage to mature schizont, which contains 12-36 daughter merozoites that eventually invades new red blood cells, which requires 36-48 h to proceed. The parasite growth was monitored by making blood smear, stained with Giemsa after 48 h to see the percentage of the red blood cells that were infected by the parasite.
Determination of the Antimalarial Activity Antimalarial activity of the isolated compounds was determined by the previously described procedure by Budimulja et al. 14) In brief, each compound was separately dissolved in DMSO to obtain 10 Ϫ2 M stock solution and kept at Ϫ20°C until used. The different concentration of the compounds was freshly made from the stock solution. The malarial parasite P. falciparum FCR-3/A2 clone was added to the 24-well culture plate which already containing different concentration of the compounds in RPMI-medium (total volume 1 ml having 1% parasitemia and 5% hematocrit/well) and incubated for 72 h at 37°C under 5% CO 2 with medium change at 48 h. The growth of parasite was monitored by making a blood smear fixed with methanol and stained with Giemsa stain and number of the infected red blood cells were counted under the microscope. Chloroquine was used as a positive control. The concentration response parasite growth data were analyzed by a linear regression function using the Sigma-plot 2000 computer program to determine the 50% inhibitory concentration (IC 50 ). The IC 50 value is defined as the concentration of compound producing 50% parasite growth inhibition relative to untreated control.
RESULTS AND DISCUSSION
In the present study, 44 cassane-and norcassane-type diterpenes from C. crista of Myanmar and Indonesia have been tested for their inhibitory activity of the growth of the malarial parasite Plasmodium falciparum FCR-3/A2 clone. Majority of them exhibited various potencies of activity in a concentration-dependent manner ( Table 1 ). The activities of diterpenes 21 (IC 50 , 0.12 mM), 25 (IC 50 , 0.26 mM), 28 (IC 50 , 0.090 mM), 29 (IC 50 , 0.14 mM), 36 (IC 50 , 0.098 mM), 38 (IC 50 , 0.20 mM), 39 (IC 50 , 0.24 mM), and 40 (IC 50 , 0.12 mM) were more potent than well-known antimalarial drug, chloroquine (IC 50 , 0.29 mM), and norcaesalpinin E (28) and 2-acetoxy-3-deacetoxycaesaldekarin e (36) showed the most potent activity with an IC 50 value of 0.090 and 0.098 mM, respectively. The activities of these diterpenes were greatly dependent on the nature of the substitution, and careful evaluation of the IC 50 values led to the correlation between structure and activity.
Effect of Hydroxyl Group
The presence of a hydroxyl group at C-7 plays crucial role for strong antimalarial activity. The diterpenes having a hydroxyl group at C-7 showed stronger activity than those with an acetoxyl substituent at C-7 (29Ͼ11, 39Ͼ18, 40Ͼ41) or without substituent at C-7 (39Ͼ15). The strong activity of caesalpinin N (21; IC 50 , 0.12 mM) might be attributable to the presence of a hydroxyl group at C-7.
Effect of Acetoxyl Group Majority of diterpenes isolated from the seed kernels of C. crista possessed the acetoxyl group at either of C-1, C-2, C-3, C-6, or C-7. In general, the simple cassane-type diterpenes having an acetoxyl substituent at C-1 showed stronger activity than those with a hydroxyl group at C-1 (13Ͼ16, 30Ͼ33, 31Ͼ44) . Similarly, the activity of diterpenes possessing an acetoxyl group at C-6 was stronger than those having a hydroxyl group at C-6 (4Ͼ20, 13Ͼ22, 31Ͼ43) . The monoacetoxyl-substituted diterpene having an acetoxyl group at C-1 showed stronger activity than that without substituent at C-1 (19Ͼ6).
Among the diacetoxyl-substituted diterpenes, those having acetoxyl substituents at C-1 and C-3 were more potent than those at C-1 and C-2 (12Ͼ23, 25Ͼ24). However, in the diterpene having aromatic ring-C, activity of 1,2-diacetoxyl-substituted diterpene was stronger than that of 1,3-disubstituted one [36 (IC 50 , 0.098 mM)Ͼ Ͼ34 (IC 50 , 4.0 mM)]. Furthermore, 1,7-diacetoxyl-substituted diterpene was more potent than 1,6-disubstituted one [41 (IC 50 , 0.60 mM)Ͼ14 (IC 50 , 6.5 mM)].
On the triacetoxyl-substituted furanocassane diterpenes, those having acetoxyl substituents at C-1, C-2, and C-3 were more potent than those at C-1, C-6, and C-7 (27Ͼ10, 38Ͼ31). In general, diacetoxyl-substituted diterpenes having a ketone group at C-1 were more potent than triacetoxyl-substituted ones (11Ͼ10, 18Ͼ4, 42Ͼ31) .
Effect of Substituents on Ring C The diterpenes isolated from C. crista showed wide range of structural variation and substitution pattern in ring C. In general, 17-norcassane-type diterpenes were more potent than the corresponding diterpenes having an aldehyde, methoxycarbonyl, or methyl group at C-17 (28Ͼ21Ӎ40Ͼ19). Similarly, norcaesalpinin B (25) was more potent than the diterpenes possessing a methylene, methyl, or methoxycarbonyl group at C-17 (25Ͼ12Ͼ1Ͼ3).
CONCLUSION
In the present study, we have reported the in vitro antimalarial activity of 44 cassane-and norcassane-type diterpenes isolated from C. crista of Myanmar and Indonesia. Most of the diterpenes displayed significant inhibition of growth of Plasmodium falciparum FCR-3/A2 clone in vitro. Among the diterpenes tested, norcaesalpinin E (28), a C-17-norcassane-type diterpene with an acetoxyl group at C-1 and a hydroxyl group at C-7, showed the most potent activity (IC 50 , 0.090 mM) which is stronger than the well-known antimalarial drug, chloroquine (IC 50 , 0.29 mM). From the observed antimalarial activities, we concluded that the presence of an acetoxyl group at C-1 and a hydroxyl group at C-7 plays the most important role for the antimalarial activity.
The inhibiory activity exhibited by these diterpenes could support the traditional use of the seed kernels of C. crista as an antimalarial drug. 
